A bout 1 in 100 children display signs and symptoms that lead to a diagnosis of autism spectrum disorder (ASD) 1 . This debilitating developmental disorder is characterized by impairments in social interaction and communication, and by restricted, repetitive and stereotyped behaviour and interests. In addition, individuals with ASD often have a seizure disorder and intellectual disability 2 . Most of the features of ASD manifest in the first few years of life, at the time of brain development when sensory experience is modifying excitatory synapse maturation and elimination, and promoting the development of inhibitory synapses 3 . This has led to the hypothesis that ASD may be due to a disruption of the normal process of experience-dependent synaptic development, resulting in an imbalance between excitation and inhibition in the developing brain.
A bout 1 in 100 children display signs and symptoms that lead to a diagnosis of autism spectrum disorder (ASD) 1 . This debilitating developmental disorder is characterized by impairments in social interaction and communication, and by restricted, repetitive and stereotyped behaviour and interests. In addition, individuals with ASD often have a seizure disorder and intellectual disability 2 . Most of the features of ASD manifest in the first few years of life, at the time of brain development when sensory experience is modifying excitatory synapse maturation and elimination, and promoting the development of inhibitory synapses 3 . This has led to the hypothesis that ASD may be due to a disruption of the normal process of experience-dependent synaptic development, resulting in an imbalance between excitation and inhibition in the developing brain.
Research has shown unequivocally that ASD is largely a genetic disorder 4 . Advances in human genetics and next-generation sequencing have identified a stunning number of newly arising mutations that are linked to ASD. In some cases, the mutations are limited to a specific gene and result in syndromic neurodevelopmental disorders with highly penetrant features of autism. These include fragile X syndrome, tuberous sclerosis complex, Angelman syndrome, Timothy syndrome and Rett syndrome 2 . In addition, an impressive array of human genetic studies, including studies of families with several children with ASD and more recent exome sequencing of trios of individuals (mother, father and child with ASD), has surprisingly shown that ASD is often due to newly arising gene copy number variants (CNVs) -such as a deletion or duplication of a region of a chromosome -or a rare mutation that arises in the germ cell, particularly in the sperm of older fathers [5] [6] [7] [8] [9] [10] . In cases with CNVs, ASD is hypothesized to be a result of the increased or decreased expression of one or several genes that lie within the region of the genome in which the CNV mutation resides.
A future challenge is to make biological sense of the large number, and diversity, of genes that are associated with ASD. Identifying convergent molecular pathways in which multiple candidate genes are involved may be an effective way to advance our understanding of the underlying molecular basis of ASD, as well as a way to develop treatments for a broad range of forms of this disorder. Recent studies suggest that a convergent molecular pathway dysregulated in ASD is the signalling network that controls synapse development and function. An interesting feature of this signalling network is that it is composed of many proteins for which expression or function is regulated by neuronal activity, suggesting that one cause of ASD may be the dysregulation of neuronal activity-dependent synapse development and function.
A cardinal feature of human brain development is that sensory, cognitive and emotional experiences shape synapse and neural-circuit development. Neuronal activity triggers local changes at the synapse, altering the composition, shape and strength of the synapse. Synaptic stimulation both induces specific changes in messenger RNA translation near synapses and sends signals to the nucleus to induce gene transcription programs that control synaptic maturation and function. These neuronal activity-dependent pathways are crucial for learning and memory and for adaptive behavioural responses [11] [12] [13] . In this Review, we explore the hypothesis that the dysregulation of activity-dependent signalling networks that control synapse development and function may be an important component of the molecular basis of ASD. For instance, ASD may arise from dysregulation of activitydependent signalling pathways locally at a synapse, including changes in the post-translational modifications of synaptic proteins and the local translation of mRNAs at synapses, as well as from the dysregulation of activity-dependent gene transcription. Alternative explanations for the molecular and cellular basis of ASD must also be considered, including the possibility that it is a result of dysregulation of synaptic function in general, impairment of neurotransmission (which secondarily may alter activity-dependent signalling) and defects in earlier steps in nervous-system development. To begin to evaluate these hypotheses, we review studies of the molecular function of the most studied genes that are associated with ASD, including those involved in syndromic disorders with penetrant autism spectrum features and rare mutations associated with ASD. The current weight of evidence does not conclusively demonstrate that dysregulation of activity-dependent neuronal signalling is the singular cause of ASD. Indeed, the impairment of different molecular pathways that are not mutually exclusive, probably contributes to the development of various subsets, or aspects, of ASD. However, as we review here, there is emerging evidence that genes and proteins associated with ASD are both regulated by and control activity-dependent pathways that modulate synaptic function. Many of the mutations associated with ASD lead to alterations in excitatory or inhibitory neurotransmission that disrupt activity-dependent signalling and activity-dependent synapse development, maturation and refinement. In addition, neuronal activity clearly regulates the function, localization and expression of many of the proteins that are associated with ASD. Taken together, these findings are Neuronal activity induces the post-translational modification of synaptic molecules, promotes localized protein synthesis within dendrites and activates gene transcription, thereby regulating synaptic function and allowing neuronal circuits to respond dynamically to experience. Evidence indicates that many of the genes that are mutated in autism spectrum disorder are crucial components of the activity-dependent signalling networks that regulate synapse development and plasticity. Dysregulation of activity-dependent signalling pathways in neurons may, therefore, have a key role in the aetiology of autism spectrum disorder.
beginning to provide compelling evidence that disruption of the activitydependent molecular programs that control synaptic function significantly contributes to the molecular basis of ASD.
Neuronal activity regulates synapses and circuits
Experience drives the neuronal activity that regulates synaptic development and plasticity, thereby altering the structure and function of neural circuits (Fig. 1) . In a classic set of experiments done nearly 50 years ago 14 , David Hubel and Torsten Wiesel discovered that occluding one eye during a crucial period of development disrupts the formation of ocular dominance columns in the visual cortex, demonstrating a central role for experience in the development of neural circuits. We now know from studies in hundreds of laboratories that synapses are stabilized, matured and eliminated in response to neuronal activity during postnatal development, and the molecular underpinnings of these processes have been significantly detailed 15 . The structure and the protein composition of excitatory synapses are crucial for synaptic function and the ability of the organism to respond to its environment. Synapses are highly specialized compartments within the neuron that comprise presynaptic and postsynaptic regions and a synaptic cleft for which function is regulated both spatially and temporally. Synaptic cell-adhesion molecules modulate specific steps in synapse formation and function, including the specialization of presynaptic and postsynaptic compartments that occurs during synapse development, the recruitment of molecules and vesicles into synapses, the modulation of trans-synaptic signalling, and the synaptic plasticity that is induced in response to sensory stimuli 16 . Excitatory synapses form mostly on dendritic spines -protrusions from dendrites that function as a finely tuned morphological and functional compartment. The postsynaptic density (PSD) forms at the centre of the dendritic spine head. The PSD contains structural proteins and signalling molecules, as well as receptors that respond to the excitatory neurotransmitter glutamate. PSD signalling proteins include the calcium-dependent kinases CaMKIIα and CaMKIIβ, and the scaffold protein PSD-95, which helps to organize the synapse, connect glutamate receptors to downstream signalling complexes and modulate synaptic plasticity. Other PSD scaffolding proteins include GKAP (also known as SAPAP), SHANK and HOMER proteins, which promote dendritic spine growth, regulate synaptic activity and anchor signalling complexes that mediate aspects of the synaptic response to sensory stimuli [17] [18] [19] (Fig. 2) . Experience leads to the release of neurotransmitters at specific synapses. Glutamate -the most common excitatory neurotransmitter -binds to the receptors for AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) and NMDA (N-methyl-d-aspartate). These ionotropic receptors then flux Na + and K + , leading to membrane depolarization. AMPA receptors mediate fast excitatory neurotransmission and can be dynamically inserted and removed from the synaptic membrane, thus affecting the strength of the postsynaptic response to glutamate released at the synapse. NMDA receptors open up and conduct current only when both the postsynaptic membrane is depolarized and glutamate binds the receptor, providing coincidence detection and a signal that induces forms of synaptic plasticity 20 . Activated NMDA receptors flux calcium, thereby inducing multiple calciumdependent signalling pathways within dendrites, including CaMKs and the Ras-mitogen-activated protein kinase (MAPK) pathway 21 , which alter the synapse locally and stimulate gene transcription in the nucleus. For instance, activated CaMKII phosphorylates AMPA receptors, altering their conductivity, and triggering reorganization of the actin cytoskeleton to regulate dendritic growth 15 . Neuronal activity also induces long-lasting changes in the efficacy of synaptic transmission, including long-term potentiation (LTP) and long-term depression (LTD), which involve the strengthening or weakening of synaptic transmission, respectively, and are thought to be molecular correlates of learning and memory 11, 20, 22 . Depending on the nature of the stimulus, different forms of synaptic plasticity are induced at synapses. LTP or LTD are mediated, at least in part, through the insertion or removal, respectively, of AMPA receptors from the synaptic membrane, leading to alterations in synaptic strength (Fig. 2) .
Glutamate release at synapses can also induce longer-lasting forms of synaptic plasticity that are mediated by NMDA-receptor-dependent calcium influx and typically require activity-dependent protein synthesis, which is a consequence of the local mRNA translation within the dendrite or of gene transcription within the nucleus. In a similar 11, 20, 22, 23 . Neuronal activity also regulates programs of gene transcription that affect synapses, including key steps in synaptic development and forms of synaptic plasticity 12, 15 . Typically, activity-dependent gene transcription requires calcium-dependent signalling and, depending on the route and dynamics of calcium entry (either through NMDA receptors or through L-type voltage-sensitive calcium channels), can trigger distinct gene expression responses 24, 25 . Neuronal activityinduced elevations in intracellular calcium lead to the activation of multiple signalling molecules, including CaMKII, CaMKIV, protein kinase A (PKA), MAPK pathways, ribosomal S6 kinase (RSK), mitogen-activated and stress-activated kinase (MSK), and the calciumdependent phosphatase calcineurin, each of which phosphorylate or dephosphorylate transcriptional regulators within the nucleus. For instance, multiple stimuli induce the phosphorylation of the cyclic-AMP-dependant-responsive-element-binding protein (CREB) at Ser 133, which recruits the CREB-binding protein (CBP) to gene promoters. CBP catalyses the acetylation of histones, leading to changes in chromatin structure that facilitate the recruitment of RNA polymerase II and the activation of gene transcription programs that promote synapse development 12, 15 . In addition to stimulating CREB-dependent gene transcription, neuronal activity-dependent calcium influx into neurons triggers the dephosphorylation of the transcription factor myocyte enhancer factor 2 (MEF2) by calcineurin, disrupting the association of MEF2 with histone deacetylases and leading to the recruitment of CBP and the stimulation of gene transcription 26 . Neuronal activity that functions through CREB, MEF2 and multiple other activity-regulated transcription factors -including SRF, Fos 27 and NPAS4 (ref. 28) -induces the transcription of the genes encoding proteins that function directly at synapses, including Bdnf, Arc and Ube3A 12, 15 . For example, activity-regulated MEF2 (by activating Arc) suppresses the number of excitatory synapses 26, 29 , whereas CREB and NPAS4 (by activating Bdnf transcription) control the number of inhibitory synapses that form on excitatory neurons 28, 30 . Many of the proteins that form the activity-dependent signalling network that controls gene transcription are implicated in disorders of cognition and behaviour, including ASD (Fig. 3) . For example, mutations in the L-type voltage-sensitive calcium channels that flux calcium to initiate activity-dependent gene transcription are associated with Timothy syndrome, which is characterized by impairments in cardiac and immune function and has a significant association with ASD phenotypes 31 . Likewise, mutations in RSK2, CBP, the methylbinding protein MECP2 and the ubiquitin ligase UBE3A are causes of Coffin-Lowry syndrome, Rubinstein-Taybi syndrome, Rett syndrome and Angelman syndrome, respectively 3 . The finding that many of the genes that are involved in activity-dependent gene transcription are associated with human disorders of cognitive function, including ASD, provides support for the hypothesis that dysregulation of activity-dependent signalling networks in general may contribute significantly to the synaptic dysfunction that occurs in ASD.
Genetic architecture of ASD
ASD is caused predominantly by genetic mutations 4 . Recent evidence suggests that de novo mutations that arise in the germ line are a significant cause of ASD, although it is important to keep in mind that the genetic aetiology of about 70% of the forms of ASD is unknown and that it remains perplexing why ASD is at least four times more prevalent in males than in females. Higher age of the father is positively correlated with a higher rate of de novo genetic mutations and an increased risk of ASD 9, 10 . ASD is polygenic in aetiology; recent studies of de novo exonic mutations suggest the involvement of as many as 400 to 1,000 genetic loci in ASD 9 . The complexity of the genetic aetiology of ASD may complicate the understanding of its molecular mechanisms. However, as already suggested, many of the genes implicated in ASD could function in convergent molecular pathways, allowing for the formulation of specific mechanistic hypotheses that could explain significant portions of ASD. Rare genetic variations play a significant part in the aetiology of ASD. Several de novo CNVs that are associated with ASD have been detected multiple times, including CNVs at 16p11.2, 15q11-13, 22q11.2, deletions at NRXN1, and duplications at 7q11.23 (refs 5, 32) . The fact that these CNVs have been detected in multiple individuals with ASD strongly suggests that mutations in these regions of the genome are contributing to ASD. More subtle, rare mutations in NLGN4, NLGN3, NRXN1, SHANK2, SHANK3 and CNTNAP2 (ref. 5 ) have also been identified in multiple individuals with ASD, suggesting that these mutations also contribute to these disorders. In addition, very recent exome sequencing of parent-offspring trios has identified de novo exonic mutations in SCN2A, KATNAL2, CHD8, FOXP1, NTNG1, GRIN2B and LAMC3 (refs 7-9), extending further At the excitatory synapse, the cell-adhesion molecules neurexin and neuroligin and structural proteins in the postsynaptic density, including SHANK proteins, regulate, and are regulated by, neuronal activity-dependent signalling networks. The excitatory neurotransmitter glutamate binds NMDA receptors (NMDARs), AMPA receptors (AMPARs) and mGluRs. AMPA receptors mediate fast excitatory neurotransmission. UBE3A degrades ARC, which can affect the trafficking of AMPA receptors. During plasticity, activation of NMDA receptors triggers calcium-dependent signalling at the synapse, stimulating CaMKII and modifying AMPA receptor function and actin reorganization. Activation of mGluR triggers several signalling cascades, including the phosphatidylinositol-3-OH kinase (PI(3)K)-AKT-mTOR pathway, Ras-mitogen-activated protein kinase (MAPK) pathway and PLC to regulate mRNA translation. FMRP inhibits mRNA translation, and mGluR signalling regulates FMRP activity. Growth factors, including BDNF, whose expression is induced by neuronal activity, bind receptor tyrosine kinases (including TrkB), which activate multiple signalling pathways, including the PI(3)K-AKT pathway. The PI(3)K-AKT pathway, when activated, leads to phosphorylation of the TSC1-TSC2 complex to control mTOR activity. Mutations in neurexins, neuroligins, SHANKs, GKAP, UBE3A, FMRP and TSC1-TSC2 are associated with ASD.
REVIEW INSIGHT the number of genes for which mutation may contribute to ASD. As de novo mutations within gene-coding regions occur with reasonable frequency and do not necessarily result in a deleterious phenotype, additional evidence is required before each of these mutations can unequivocally be said to contribute to ASD. In the future, the key to understanding how mutations in these proteins lead to ASD will be to identify additional individuals with ASD, who carry mutations in these genes, and to obtain a more thorough understanding of the molecular functions of each of these proteins in neurons and how their mutation leads to defects in synaptic function.
In addition to these rare mutations, several widely studied syndromic disorders, such as fragile X syndrome, with penetrant ASD features have provided useful insight into the pathophysiology of ASD. These syndromic disorders are caused by single gene mutations and have phenotypes that have allowed the disorder to be readily diagnosed; thus, the mechanistic understanding of these syndromes is more advanced than for most forms of ASD. For example, fragile X syndrome -characterized by macroorchidism, connectivetissue disease, motor abnormalities, language deficits and impaired social interactions -is the leading cause of inherited intellectual disability and ASD 23 . Fragile X syndrome results from a trinucleotide expansion (CGG) in FMR1, which encodes fragile X mental retardation protein (FMRP). The CGG expansion occurs within the 5ʹ untranslated region of the FMRP mRNA, resulting in decreased translation of the FMRP mRNA and a decrease in the amount of FMRP expressed in neurons. FMRP has recently been reported to modulate the rate of translational elongation of mRNAs that encode synaptic proteins 33 , suggesting that the decrease in FMRP expression that occurs in fragile X syndrome may result in the dysregulation of synaptic protein expression owing to an impairment in translational control 23 . Thus, as described later, studying the genes that are mutated in these widely studied syndromes has the potential to provide insight into the molecular and cellular basis of ASD.
Several genetic loci (UBE3B, CLTCL1, NCKAP5L and ZNF18) that are associated with ASD include genes for which expression is induced by neuronal activity 34, 35 . In addition, knockdown of several transcription factors that mediate activity-regulated gene transcription, including MEF2 and NPAS4, has been shown to lead to decreased expression of multiple genes that are linked to ASD (c3orf58, SLC9A9 and PCDH10) 34 . Only about 3% of the neuronal transcriptome is altered when the membrane is depolarized, but a higher percentage of the genes that are implicated in ASD have been shown to be regulated by neuronal activity; it has been proposed, therefore, that ASD may result, at least in part, from the disruption of the activity-dependent signalling networks that control gene transcription 34, 35 . Thus, it will be important to determine whether the expression of RNAs that are encoded by other genetic loci associated with ASD are regulated by neuronal activity. A crucial consideration is that genetic loci associated with ASD may not only be found to disrupt gene function through mutations within gene-coding sequences, but may also be found to disrupt the function of the regulatory regions that control these genes. Of note, therefore, is a recent study that identified thousands of neuronal activity-regulated enhancers of transcription that could potentially be sites of human variation that lead to ASD 36 .
Synaptic proteins implicated in ASD
Mutations in multiple synaptic cell-adhesion molecules and components of the PSD are associated with ASD. The fact that these proteins have key roles in regulating synaptic responses to experience, and are themselves modulated by neuronal activity supports the hypothesis that ASD may result from the disruption of the normal process of activity-dependent synapse development (Fig. 2 ).
Neuroligins and neurexins
Rare mutations in multiple members of the neuroligin and neurexin families of synaptic adhesion molecules have repeatedly been found to be associated with ASD 5 . Neurexins are presynaptic membrane proteins that are encoded by mRNAs that have undergone extensive alternative splicing. Neuroligins are postsynaptic membrane proteins that function as neurexin receptors and, working together with neurexins, modulate the formation and function of synapses 16, 37 . Particular neuroligin family members are localized specifically to inhibitory or excitatory synapses, suggesting that individual neuroligins may play a part in specifying the formation or function of excitatory and inhibitory synapses. In addition to binding neuroligins, neurexins bind other postsynaptic transmembrane proteins, including leucinerich repeat (LRR)-containing transmembrane proteins, adding to the number of different potential trans-synaptic connections 16 . There is increasing evidence for the involvement of neurexins, neuroligins and LRR-containing transmembrane proteins in activity-dependent programs that modulate synapse function.
Several of the neuroligin mutations found in individuals with ASD have been modelled in mice, and these mice have been shown to have alterations in excitatory or inhibitory neurotransmission. For example, knock-in mice that harbour the neuroligin-3 ASD missense mutation Nlgn3(R451C) display impaired social interactions, recapitulating a key feature of ASD 38 . These knock-in mice also have enhanced inhibitory neurotransmission with no alterations in excitatory neurotransmission, resulting in a defect in excitatory-inhibitory balance in the brain 38 . Knock-in mice with another ASD-associated missense mutation, Nlgn3(R704C) displayed a decrease in AMPA-receptormediated synaptic transmission in the hippocampus, but no alteration in NMDA-receptor or GABA (γ-aminobutyric acid)-receptor-mediated neurotransmission 39 . In addition to the neuroligins, mutations in NRXN1 are also associated with ASD in humans. Nrxn1 knockout mice have defects in miniature excitatory postsynaptic current (EPSC) frequency and evoked postsynaptic potentials, but show no change in inhibitory neurotransmission in the hippocampus 40 . These studies indicate that particular ASD-associated mutations in neurexins or neuroligins disrupt excitatory or inhibitory neurotransmission in the brain in specific ways and suggest that modelling ASD-associated mutations in mice will be important for elucidating how each mutation affects synaptic function and gives rise to ASD.
Notably, neuroligins have been found to regulate the activitydependent maturation and modulation of synapses. In cultured neurons, overexpression of Nlgn1 in rodents increases the number of functional excitatory synapses, an effect that is dependent on NMDA receptors, as well as activity-regulated CaMKII, which functions downstream of NMDA receptor activation to regulate synaptic plasticity 41 . In contrast to overexpression of wild-type Nlgn1, overexpression of NLGN1 containing an ASD-associated missense mutation leads to a decrease in the number and strength of excitatory synapses 41 . This suggests that activity-dependent functions of NLGN1 may be disrupted in ASD. In another study 42 , knockdown of Nlgn1, delivered by a viral vector, in the amygdala of adult rats led to the selective reduction of NMDA-receptor-mediated currents and to impairments in LTP and in the storage of associative fear memory.
This suggests a role for neuroligins in experience-regulated learning and memory, which may be altered by ASD-associated mutations in Nlgn1.
Similarly, using sensitization of the gill-withdrawal reflex in the sea hare Aplysia californica as a simple model of learned fear and longterm memory showed that depletion of the A. californica homologue of neuroligin in the postsynaptic motor neuron, or neurexin in the presynaptic sensory neuron, impaired initiation, stabilization and persistence of long-term facilitation of the sensory-to-motor neuron synaptic connection. Relative to wild-type neuroligin, overexpression of neuroligin with an ASD-associated mutation blocked intermediate and long-term facilitation at the sensory-to-motor neuron synapse 43 . Taken together, these findings suggest that neuroligins and neurexins modulate activity-dependent synaptic remodelling and long-term memory, and that ASD-associated mutations in neuroligins or neurexins may disrupt these processes.
The interaction between neurexins and neuroligins is regulated by neuronal activity, providing further evidence that mutations that cause ASD might be disrupting activity-dependent processes that control synaptic function. The dynamic nature of the neuroligin-neurexin interaction was studied using the enzyme biotin ligase (BirA) from the bacterium Escherichia coli, which catalyses the biotinylation of an acceptor peptide only when BirA and the acceptor peptide are in close proximity 44 . When neurexin-1 fused to BirA and neuroligin fused to an acceptor peptide are expressed in neurons, biotinylation of neuroligin-acceptor protein occurs when neurexin-1-BirA and neuroligin-acceptor protein interact across the synapse. Using this approach, neuronal activity was found to acutely promote an increase in the interaction of neurexins and neuroligins across the synapse in an NMDA-receptor-dependent manner 44 . Neuronal activity induced both the insertion of neurexin and neuroligin into the synaptic membrane and suppressed internalization of neurexin and neuroligin from the synaptic membrane, leading to an overall increase in the transsynaptic neurexin-neuroligin interaction. Disruption of this activityregulated enhancement impaired the recruitment of AMPA receptors to the synaptic membrane, thereby altering synaptic function 44 . It will be important to determine whether ASD-associated mutations in neurexins and neuroligins affect these activity-dependent changes in their trans-synaptic interaction.
Neuronal activity also regulates alternative splicing of neurexin mRNA and, thus, alters trans-synaptic signalling and presynaptic differentiation 45 . It will be interesting to determine if ASD-associated mutations disrupt activity-dependent alternative splicing of neurexin and whether disruption of this process contributes to the development of ASD.
SHANKs
Shank proteins function as scaffolds in the PSD of excitatory synapses that regulate the organization of postsynaptic signalling complexes, as well as the morphology and function of synapses [17] [18] [19] . Rare mutations associated with ASD have been found in SHANK2 and SHANK3 (ref. 5) , and recently in SHANK1 (ref. 46 ). In particular, Phelan-McDermid syndrome is an ASD that results from a microdeletion that includes heterozygous loss of SHANK3. Knockout mice with deletions in members of the Shank family of genes exhibit behaviours similar to those observed in ASD. For example, Shank3 knockout mice have deficits in social interactions and engage in repetitive behaviours, such as excessive grooming, that lead to self injury 47 . In addition, mice lacking Shank2 have abnormalities in motor behaviour, vocalization and socialization -phenotypes typically observed in ASD 48, 49 . These Shank2 and Shank3 knockout mice display alterations in excitatory neurotransmission that correlate with ASD behavioural phenotypes. The Shank3 knockout mice have deficits in striatal glutamatergic synapse structure and function, including reduced cortico-striatal synaptic transmission 47 , whereas Shank2 knockout mouse models show defects in NMDA-receptor-dependent excitatory neurotransmission and synaptic plasticity in the hippocampus 48, 49 . In one study of Shank2 knockout mice, by using either a partial agonist of NMDA receptor function (d-cycloserine) or a positive allosteric modulator of mGluR5, it was possible to normalize NMDA receptor function and decrease autistic behaviours, suggesting that impairment of NMDA receptor functioning may be a key mechanism through which mutations in genes that encode the SHANK family of proteins lead to ASD 49 . Taken together, these studies have revealed how the SHANK family of proteins modulate excitatory synapse function and begin to explain how mutations in the genes that encode them might lead to ASD.
One possibility is that SHANK mutations that cause ASD disrupt activity-dependent regulation of SHANK function. Neuronal activity has been shown to affect the molecular composition of the postsynaptic compartment by inducing the ubiquitination and proteasomemediated degradation of a subset of PSD proteins, including those of the Shank family, thus leading to changes in synaptic signalling 50, 51 . The ubiquitin ligase TRIM3 mediates the activity-dependent degradation of SHANK1 and another PSD-scaffolding protein GKAP, by a ubiquitin-proteasome-dependent mechanism 52 . In mice, the retrieval of fear memory was found to lead to the polyubiquitination and degradation of SHANK proteins and to correlate with a requirement for protein degradation in memory extinction 53 . These findings suggest that the activity-dependent degradation of synaptic proteins, including those of the SHANK family, regulates the reorganization of synapses and memories. Taken together, these studies begin to explain how SHANK proteins control synaptic function and plasticity, and how their mutation might contribute to ASD phenotypes.
Activity-dependent regulation of mRNA translation
Long-lasting forms of synaptic plasticity that are elicited by glutamate binding to NMDA receptors or group 1 mGluRs, typically require protein synthesis mediated by mRNAs and ribosomes that are localized near synapses. Long-lasting NMDA-receptor-dependent LTP and LTD have a delayed requirement for protein synthesis, whereas mGluR-dependent LTD requires protein synthesis that occurs within minutes. Several genes that are mutated in ASD -FMR1, TSC1, TSC2 and PTEN -have key roles in protein-synthesis-dependent plasticity of synapses 13, 23 (Fig. 2) .
Fragile X syndrome
Fragile X syndrome is caused by mutations in FMR1, resulting in decreased expression of the RNA-binding protein FMRP. This protein negatively regulates the translation of specific mRNAs at the synapse 23, 54 . FMRP has been suggested to function by blocking the initiation of mRNA translation, or stalling movement of the ribosome along the mRNA, leading to decreased protein synthesis 33 ; however, the precise molecular mechanisms by which FMRP regulates translation remain unclear 23 . Fmr1 knockout mice exhibit abnormally high levels of protein synthesis and enhanced LTD in response to mGluR stimulation, suggesting that under normal conditions FMRP suppresses mGluR-dependent protein synthesis and LTD 55 . Remarkably, the excessive protein synthesis observed in Fmr1 knockout mice is reversed by antagonists of mGluR5. In addition, both genetic and pharmacological inhibition of mGluR5 reverses synaptic and behavioural impairments in these mice. These findings are the basis of human clinical trials that seek to test the efficacy of mGluR5 antagonists for treating fragile X syndrome 23, [56] [57] [58] . Arc is one of the best-studied mRNA targets of FMRP. The protein encoded by this activity-regulated gene promotes the internalization of AMPA receptors at excitatory synapses. Translation of Arc mRNA is enhanced during, and crucial for, mGluR-dependent LTD 59, 60 . In Fmr1 knockout mice, the dynamic translation of Arc mRNA in response to stimulation is impaired 59, 61 , and the basal level of the ARC protein in dendrites is elevated 61 . This abnormally high level of Arc expression in Fmr1 knockout mice may be responsible for the enhanced mGluR-LTD observed in these animals and might explain, in part, why their LTD is independent of new mRNA translation 62 . During early postnatal brain development, neuronal activity promotes changes in glutamate receptor subtype that are required for proper maturation of excitatory thalamocortical synapses in the somatosensory cortex. In Fmr1 knockout mice, this activity-dependent maturation of the excitatory thalamocortical synapses is dysregulated, resulting in a persistence of silent NMDA-receptor-only synapses at times during brain development when these synapses would normally express both NMDA and AMPA receptors 63 . The absence of AMPA receptors at these synapses may be due, in part, to the dysregulation of Arc mRNA translation that occurs in Fmr1-knockout mice.
FMRP has also been suggested to be crucial for activity-dependent synapse elimination, a key process during postnatal brain development 64 that may be defective in fragile X syndrome. The transcription factor MEF2 controls a program of gene expression that has a role in developmental synapse elimination 26, 29, 65, 66 . Notably, activation of MEF2 leads to a decrease in the number of excitatory synapses in wild-type neurons, but not in Fmr1 knockout neurons, suggesting that the effects of MEF2 on synapse number may be FMRP dependent 64 . ARC may be the link between MEF2 and FMRP. MEF2 seems to restrict excitatory synapse number, at least in part, by activating Arc transcription. Once Arc transcription is induced, translation of the Arc mRNA is kept in check by FMRP. However, in the absence of FMRP, the level of ARC protein is abnormally high, so further activation of Arc transcription by MEF2 may not have much of an effect on synapse number.
However, ARC is almost certainly not the only target of FMRP that mediates the effects of FMRP on LTD, excitatory synapse number and ASD. Many other FMRP targets have been shown to be involved in synaptic plasticity, and there is significant overlap between FMRP targets and ASD candidate genes, including NLGN3, NRXN1, SHANK3, PTEN, TSC1 and NF1 (refs 23, 33) . This suggests that these ASD candidate genes and FMRP may function in overlapping pathways. Taken together, these studies implicate FMRP as a key regulator of activity-dependent mRNA translation and synaptic plasticity and suggest that dysregulation of this pathway may contribute significantly to ASD phenotypes.
Tuberous sclerosis complex
Tuberous sclerosis complex is the other main syndromic ASD that seems to be a consequence of a dysregulation of activity-modulated mRNA translation. Tuberous sclerosis complex is characterized by benign tumours in multiple organs, as well as a high penetrance of ASD. This disorder is caused by mutations in TSC1 or TSC2, which encode tumour suppressor proteins that form the complex TSC1-TSC2 and regulate protein synthesis in a wide range of mammalian cell types, including neurons 67 . The binding of growth factors to receptor tyrosine kinases leads to phosphorylation of the TSC protein complex and subsequent activation of mTOR, a positive regulator of protein synthesis 67 . One major activator of TSC1-TSC2 signalling in neurons is brainderived neurotrophic factor (BDNF), a secreted protein that binds to the receptor tyrosine kinase TrkB on the surface of neurons and thereby mediates many aspects of brain development and function. Neuronal activity potently induces Bdnf transcription in excitatory neurons. Newly synthesized BDNF is then secreted from excitatory neurons and functions near the site of release to regulate synaptic development and plasticity, including the development of inhibitory synapses 30 . Several studies suggest that the effect of BDNF on these processes is mediated by the local control of protein translation 68 . Specifically, BDNF binding to TrkB activates phosphatidylinositol-3-OH kinase (PI(3)K), which phosphorylates phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ) at the 3ʹ position to generate phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P 3 ). This then binds and activates phosphoinositide-dependent protein kinase (PDK1), which in turn contributes to activation of the serine/threonine protein kinase AKT proteins. Activated AKT phosphorylates TSC2, reducing its GTPase-activating protein (GAP) activity for the Ras family GTPase, Rheb. Thus, phosphorylation of TSC2 leads to Rheb activation, which in turn triggers activation of the protein kinase mTOR, contributing to the activation of protein synthesis 67 (Fig. 4) . Loss-of-function mutations in TSC1 or TSC2 that occur in tuberous sclerosis complex, result in deregulated mTOR signalling and abnormal neuronal protein synthesis, suggesting that tuberous sclerosis complex may be a result of the dysregulation of these processes 13, 69 . Although it remains to be demonstrated that the disruption of BDNF-mediated protein synthesis has a key role in TSC1-TSC2-dependent ASD, the observations that BDNF has a widespread role in nervous system development, that Bdnf transcription is robustly induced by neuronal activity and that BDNF regulates protein translation through inhibition of TSC1-TSC2 suggest a role for BDNF in tuberous sclerosis complex. Signalling by TSC1-TSC2 downstream of other neurotrophic factors is also likely to contribute to the disorder.
Further evidence that a defect in neurotrophic-factor-regulated protein synthesis contributes to ASD is provided by the finding that mutations in PTEN, a negative regulator of PI(3)K-AKT signalling upstream of TSC1-TSC2, also result in syndromic ASD. The lipid phosphatase PTEN catalyses the dephosphorylation of PtdIns(3,4,5)P 3 at the 3ʹ position to generate PtdIns(4,5)P 2 , thus antagonizing the activity of PI(3)K 70 . Mutations that inactivate PTEN lead to excessive PI(3)K-AKT and mTOR signalling and in this way may lead to abnormal protein synthesis, and ultimately synaptic dysfunction and ASD. Thus, characterization of the role of PTEN in neurotrophic-factorregulated protein synthesis may help to uncover the mechanisms that contribute to ASD.
The study of mice that carry mutations in Pten, Tsc1 or Tsc2 has the potential to provide insight into how defects in PTEN-PI(3)K-AKT-TSC signalling lead to ASD. Loss of function of TSC1 and TSC2 leads to deregulated activation of mTOR 13, 69 . As TSC1 and TSC2 are negative regulators of protein synthesis, it was reasonable to hypothesize that -similar to loss of FMRP -loss of TSC1 or TSC2 would lead to increased protein synthesis and enhanced mGluR-LTD. Interestingly, the opposite has been found in recent studies 71, 72 . Mice with a heterozygous loss-of-function mutation in Tsc2 (Tsc2 +/-) have deficient mGluR-LTD in the hippocampus, but no defect in basal synaptic transmission. Compared with wild-type mice, Tsc2 +/-mice have decreased translation of Arc mRNA 71 . Similarly, in another study, postnatal deletion of Tsc1 in hippocampal CA1 mouse neurons by viral delivery of Cre recombinase led to a loss of mGluR-LTD 72 . These findings of deficient mGluR-LTD in mice with deletions in Tsc1 or Tsc2 are in contrast to those in Fmr1 knockout mice, which have increased mGluR-LTD and excessive protein synthesis 57 .
Inhibition of mTOR in Tsc2
+/-mice restored mGluR-LTD and normalized protein synthesis rates to those of wild-type mice, suggesting that excessive mTOR activity leads to decreased protein synthesis and LTD deficiency in Tsc2 +/-mice 71 . Whereas inhibition of mGluR5 in Fmr1 knockout mice corrects excessive protein synthesis and mGluR5-dependent LTD, augmentation of mGluR5 signalling by a positive allosteric modulator restored protein synthesis and mGluRdependent LTD in Tsc2 +/-mice 71 . In a fear-conditioning behavioural model, Tsc2 +/-mice have a defect in distinguishing familiar and new contexts, a defect that can also be corrected by augmentation of mGluR5 signalling 71 . These findings suggest that, for proper synaptic function in response to neuronal activity, protein synthesis at synapses is tightly regulated, and Tsc1 and Tsc2 as well as Fmr1 mutations disrupt this balance in opposite directions, leading to defects in synaptic plasticity that may contribute to ASD phenotypes.
Despite recent progress, major gaps in knowledge remain about how neuronal activity dynamically regulates protein synthesis to control synaptic function and how disruption of TSC1-TSC2 or FMRP alters these processes to lead to ASD. Indeed, how loss of function of FMRP or TSC1-TSC2 in fragile X syndrome and tuberous sclerosis complex leads to differential dysregulation of protein synthesis and synaptic plasticity is not yet understood. One possibility is that enhanced mTOR activity in tuberous sclerosis complex results in increased FMRP phosphorylation, which in turn functions to suppress the translation of specific mRNAs. Indeed, stimulus-regulated phosphorylation or dephosphorylation of FMRP alters its ability to suppress mRNA translation 61, [73] [74] [75] . Alternatively, TSC1-TSC2 and FMRP may regulate the translation of different pools of mRNAs, so that abnormal translation of the two pools of mRNAs has different outcomes. Improved understanding of the activity-dependent programs that control protein synthesis and synaptic plasticity will probably help to clarify the molecular mechanisms that underlie these two forms of ASD.
Activity-dependent gene transcription
In addition to its effects on protein synthesis at synapses, neuronal activity regulates programs of gene expression in the nucleus that modulate synaptic development and plasticity. Mutations associated with ASD disrupt multiple features and components of the signalling network that controls activity-dependent gene transcription. These include effects on the route and dynamics of calcium entry into neurons, effects on transcriptional regulators that control gene expression in response to neuronal activity, and an impact on effector genes that encode proteins that regulate synaptic development and function (Fig. 3) .
Timothy syndrome
The route and dynamics of calcium entry into the neuron determine the program of activity-dependent gene expression that is activated 24, 25 . In excitatory neurons, activity-dependent gene transcription is mediated, at least in part, by calcium entry through L-type calcium channels 25 . The L-type calcium channels are voltage-gated and thus open upon membrane depolarization. Mutations in CACNA1C, which encodes the α1 pore-forming subunit of the L-type calcium channel Ca v 1.2, have been associated with multiple neuropsychiatric disorders, including ASD 76 . In addition, Timothy syndrome, a disorder characterized by cardiac arrhythmia, congenital heart disease, immune deficiency, intermittent hypoglycaemia, global development delay and ASD, is caused by a missense mutation in CACNA1C 31 . Studies in mice indicate that this missense mutation leads to increased Ca 2+ currents and loss of voltage-dependent channel inactivation 31, 77 . To determine the effect of the Timothy syndrome mutation on human neurons, induced pluripotent stem cells were derived from fibroblasts of individuals with Timothy syndrome and differentiated into neurons 78 . Compared with wild-type neurons, the Timothy syndrome neurons had impaired Ca 2+ channel inactivation and a significant increase in sustained intracellular Ca 2+ elevation after membrane depolarization. Activity-dependent gene expression was also altered in the Timothy syndrome neurons, compared with control neurons, with more than 200 genes displaying altered expression following membrane depolarization 78 . These findings raise the possibility that the ASD phenotypes associated with Timothy syndrome may be the result of the deregulation of activity-dependent gene transcription.
Rett syndrome
Mutations in MECP2 lead to Rett syndrome, which is a form of ASD characterized by impaired language development, loss of social engagement, stereotyped hand movements, seizures and motorsystem disabilities. MECP2 binds methylated cytosines within DNA and seems to function mainly as a transcriptional repressor. The level of MECP2 expression in post-mitotic neurons is about tenfold higher than in other cell types, suggesting that MECP2 may have a unique function in neurons. Notably, the level of MECP2 expression in mature neurons is similar to that of core histones, and MECP2 is bound broadly across the genome. These findings suggest that MECP2 may have a histone-like role in regulating chromatin structure and gene expression 79, 80 . Neuronal activity induces the phosphorylation of MECP2 at Ser 421 (refs 81-83) broadly across the genome, raising the possibility that activity-dependent phosphorylation of MECP2 mediates a genome-wide chromatin response to neuronal activity 80 . The fact that Rett syndrome manifests itself in the first year of life -a time when experience is shaping synapse development -together with the observation that MECP2 is a chromatin regulator that is modified in response to neuronal activity, suggests that Rett syndrome may be due to a defect in the process of activity-dependent chromatin regulation or gene transcription that controls synaptic development, plasticity and behaviour.
To test the role of activity-dependent phosphorylation of MECP2 in synapse development and behaviour, knock-in mice were generated in which Ser 421 was converted to an alanine (Ser 421Ala), preventing this residue from being phosphorylated 80, 84 . The Ser 421Ala knock-in mice and wild-type mice express equivalent levels of MECP2, but the Ser 421Ala knock-in mice display increased dendritic complexity and increased inhibitory synaptic strength in the cortex 80 . Behaviourally, the Ser 421Ala knock-in mice had deficits in their response to new objects or mice 80 . These findings indicate that activity-dependent phosphorylation of MECP2 regulates synapse development and function and behavioural responses to environmental stimuli. However, extensive analysis of activity-dependent gene transcription in wildtype and MECP2 Ser 421Ala knock-in neurons failed to detect any effect of the Ser 421Ala mutation. Thus, it remains to be determined whether activity-dependent phosphorylation of MECP2 affects gene transcription and chromatin structure and, if so, how the disruption of these processes contributes to Rett syndrome.
MECP2 has recently been shown to be required for experiencedependent synaptic remodelling of the retinogeniculate synapse 85 .
In Mecp2 knockout mice, the initial development and refinement of the retinogeniculate circuit proceeds without impairment, during a phase of development that does not depend on visual experience. However, during a late stage of development when visual experience is required for modulation and maintenance of the retinogeniculate circuit, the synapses that form on the neurons within this circuit are abnormal in Mecp2 knockout mice, resulting in impaired synaptic plasticity on visual deprivation 85 . This raises the possibility that during the late phase of development of the retinogeniculate circuit, MECP2 may regulate an experience-dependent gene expression program that controls synaptic remodelling, a program that could potentially be controlled by activity-dependent phosphorylation of MECP2.
There is also evidence that loss of MECP2 changes the balance between inhibition and excitation in the brain, altering the neuronal response to sensory experience. In Mecp2 knockout mice, wholecell patch clamp recordings in the somatosensory cortex revealed decreased excitatory synaptic drive and increased inhibitory drive onto L5 pyramidal cells 86 . Hippocampal neurons from Mecp2 knockout mice, both grown in culture and in vivo, have reduced glutamatergic synapse number and density with reduced excitatory synapse strength 87 . In addition, mice expressing a truncated Mecp2 variant, lacking the carboxy-terminal region, have multiple defects in learning and memory, as well as synaptic plasticity 88 . Together with the molecular studies of MECP2 function, these electrophysiological experiments suggest that MECP2 is a key regulator of chromatin architecture and gene expression that modulates synaptic development, function and plasticity. It is likely that the dysregulation of at least some of MECP2's functions leads to Rett syndrome and possibly other forms of ASD.
Angelman syndrome
Angelman syndrome is characterized by motor dysfunction, speech impairment, seizures and a high prevalence of autism, and is caused by deletions of the maternally inherited allele of chromosomal region 15q11-q13. The loss of UBE3A function in this chromosomal region is by itself sufficient to cause Angelman syndrome. Notably, CNVs that lead to duplications and triplications of the same chromosomal region are associated with ASD. Ube3a expression is upregulated by neuronal activity; it has therefore been suggested that a loss of experience-dependent induction of the UBE3A mRNA during postnatal development may contribute to Angelman syndrome, and increased activity-dependent UBE3A expression may underlie some forms of ASD 89 . Support for the idea that fine-tuning the level of UBE3A expression may be important for normal cognitive function comes from the observation that the paternally inherited allele of UBE3A is imprinted, and is specifically silenced in the brain. Thus, the level of the gene's expression in the nervous system is kept in check through imprinting and is further regulated by neuronal activity.
Mice that carry a deletion in the maternal copy of Ube3a have impairments in learning and in the LTP form of synaptic plasticity 90 . Experience-dependent maturation of excitatory circuits in the visual cortex is substantially impaired in these same mice. In addition, sensory experience-regulated neocortical plasticity is defective in Ube3a-mutant mice 91 . Specifically, inhibitory drive onto neocortical pyramidal neurons is impaired owing to defective presynaptic vesicle cycling in interneuron populations 92 . Excitatory drive onto neocortical pyramidal neurons is also diminished, but to a less severe extent 92 . These studies suggest that UBE3A regulates excitatory-inhibitory balance during brain development and that when the level of expression is perturbed ASD may occur.
UBE3A is a member of a family of E3 ubiquitin ligases, which catalyse the ubiquitination of substrates, often leading to the degradation of the ubiquitinated substrate by the proteasome. Notably, one of the best-studied targets of UBE3A is the neuronal activity-regulated protein ARC 89 , suggesting a possible convergence point for UBE3A, FMRP and TSC mutations in the aetiology of ASD. Studies using mice that carry a deletion in maternally inherited Ube3a revealed that neurons from these mice express increased levels of ARC protein. In addition, UBE3A was found to mediate the ubiquitination and degradation of ARC 89 . The increased level of ARC expression in the absence of UBE3A results in decreased AMPA receptor cell-surface expression and a decrease in AMPA-receptor-mediated currents 89 . Thus, the dysregulation of ARC levels and AMPA-receptor expression at synapses may contribute to the ASD phenotypes observed in Angelman syndrome and possibly forms of ASD that involve CNVs on chromosome 15.
The studies described here on Angelman syndrome, Timothy syndrome and Rett syndrome suggest that the dysregulation of molecular pathways that control activity-dependent gene expression -including those that control the influx of calcium into neurons (CACNA1C in Timothy syndrome), the regulation of chromatin and transcription (MECP2 in Rett syndrome) and the expression of effector genes that act on synapses (UBE3A in Angelman syndrome) -may be crucial to ASD pathogenesis. Thus, it seems likely that further characterization of the signalling network that controls activity-dependent gene expression in neurons will reveal additional genes that are mutated in ASD.
Future directions
The studies reviewed here suggest that dysregulation of activitydependent signalling networks that control synapse development, function and plasticity may contribute significantly to ASD pathogenesis. A variety of studies now provide evidence that mutations that lead to ASD affect how sensory experience modifies synapses, through local changes in protein phosphorylation at the synapse, the control of mRNA translation or the regulation of gene transcription. However, further experimentation will be required to provide definitive evidence that disruption of activity-dependent programs in neurons is an underlying cause of ASD. In addition, many questions remain to be addressed regarding the molecular mechanisms by which mutations associated with ASD disrupt the activity-dependent pathways that control synapse development, maturation and function.
It will be important to determine whether perturbation of activitydependent gene regulation contributes to ASD pathology. This could be addressed by evaluation of the effects of subtle mutations, such as knock-in mutations in promoters or enhancers, that specifically disrupt activity-dependent gene transcription. Similarly, it will be useful to determine whether dysregulation of activity-dependent splicing or translation of mRNAs that are implicated in ASD have a role in the development of the disorder, and whether disruption of the activitydependent phosphorylation of specific synaptic proteins leads to ASD phenotypes. For instance, analysis of knock-in mice that carry subtle mutations that disrupt activity-dependent phosphorylation of specific proteins may prove useful in addressing these issues.
To further advance our understanding of ASD, it will also be crucial to continue to investigate the function of ASD candidate genes, particularly those that are part of the activity-dependent signalling network that controls synapse development and function. In this regard, it is important to keep in mind that although not all ASD candidate genes are part of the activity-dependent signalling network, careful examination may reveal additional ASD-associated genes that regulate various aspects of activity-dependent signalling. For example, ASDassociated mutations may disrupt activity-dependent protein synthesis or degradation at or near the synapse. In addition, ASD-associated mutations could disrupt activity-dependent protein localization within the neuron, such as recruitment to the synapse or protein clustering at the synaptic cleft, or neuronal activity-dependent protein phosphorylation events that control channel conductance properties or protein-protein interactions. ASD-associated mutations could also disrupt routes and dynamics of calcium influx into neurons or affect signalling complexes that transmit calcium-dependent signals to control gene transcription. As new ASD-associated loci are identified, it will be important to determine which loci encode proteins that are regulated by neuronal activity, how neuronal activity affects the function of the protein and whether the effect on protein function is relevant to the ASD phenotype. One signalling pathway of significant interest in this regard is Ras-MAPK. Mutations in multiple components of this pathway have recently been found to be associated with ASD, including rare mutations in HRAS, MAP2K2 and SYNGAP1, and with syndromes with ASD features (mutations in NF1, MAP2K1 and MAP2K2) 93, 94 . As the Ras-MAPK signalling pathway is crucial for activity-regulated protein synthesis, activity-dependent gene transcription and mGluR-dependent synaptic plasticity 23, 25, 95 , mutations in this pathway that are associated with ASD may be disrupting activity-dependent synaptic development and plasticity by altering activity-regulated mRNA translation or gene transcription.
Understanding the molecular basis of ASD will hopefully allow rational development of therapies for these disorders. Several mouse models of ASD, including those of Rett syndrome 96, 97 , Angelman syndrome 98 , tuberous sclerosis complex 71 , and fragile X syndrome 23 , and mouse models of rare mutations in SHANK proteins 49 , have provided convincing evidence that ASD phenotypes can be improved by genetic or pharmacological interventions, providing hope that it will be possible to develop therapeutics for ASD that target the underlying pathophysiology and provide significant clinical benefit. Defining how each type of ASD-associated mutation disrupts synaptic function may be crucial for the development of effective treatments that target the specific molecular defect that occurs in each disorder.
A more general therapeutic approach might be to target a cellular phenotype, such as the imbalance in excitatory-inhibitory neurotransmission that seems to be common to many forms of ASD. The mGluR5 antagonists that are being evaluated for efficacy in fragile X syndrome are an example of therapeutics that have been developed to treat a specific disorder, but that might have more general applicability. Pharmacological screens for small molecules that correct deficits in activity-dependent signalling or excitatory-inhibitory balance may also prove useful. For instance, small molecules that target regulators of phosphorylation-mediated or ubiquitin-mediated signalling in neurons may be able to counter the dysregulation of activitydependent signalling that occurs in certain forms of ASD. Thus, a better understanding of the role of neuronal activity-dependent signalling in the aetiology of ASD may be useful for both advancing our understanding of the molecular basis of ASD and developing new therapeutics for this cognitive disorder. ■
